Recent studies revealed a striking difference in the genomic organization of classic cadherin genes and one family of ''nonclassic cadherin'' genes designated protocadherins. Specifically, the DNA sequences encoding the ectodomain repeats of classic cadherins are interrupted by multiple introns. By contrast, all of the encoded ectodomains of each member of the protocadherin gene clusters are present in one large exon. To determine whether large ectodomain exons are a general feature of protocadherin genes we have investigated the genomic organization of several additional human protocadherin genes by using DNA sequence information in GenBank. These genes include protocadherin 12 (Pcdh12), an ortholog of the mouse vascular endothelial cadherin-2 gene; hFmi1 and hFmi2, homologs of the Drosophila planar cell polarity gene, flamingo; hFat2, a homolog of the Drosophila tumor suppressor gene fat; and the Drosophila DN-cadherin and DE-cadherin genes. Each of these genes was found to be a member of the protocadherin subfamily, based on amino acid sequence comparisons of their ectodomains. Remarkably, all of these protocadherin genes share a common feature: most of the genomic DNA sequences encoding their ectodomains are not interrupted by an intron. We conclude that the presence of unusually large exons is a characteristic feature of protocadherin genes.
C
adherins are a superfamily of transmembrane glycoproteins that play a critical role in morphogenesis during development and maintenance of neuronal connections in the adult brain (1) (2) (3) (4) . The cadherin superfamily has been divided into classic and nonclassic types (5) . The extracellular domains of both types of cadherins consist of variable numbers of characteristic repeat sequences (ectodomains) that function in calciumdependent cell adhesion. The cytoplasmic domains of classic cadherins are highly conserved and interact with catenin proteins. Catenins link cadherins with the cytoskeleton, and they also function in the regulation of gene expression (2) . By contrast, the cytoplasmic domains of nonclassic cadherins do not interact with catenins.
The protocadherins constitute a subfamily of nonclassic cadherins. Their extracellular domains contain six or more cadherin ectodomain repeats, and their cytoplasmic domains differ within the subgroup (6) . The third and fifth ectodomain repeats (EC3 and EC5) of classic cadherins have characteristic amino acid sequences, and these sequences are not present in protocadherins (6) . In addition, classic cadherins have five ectodomains (EC1-5) that are preceded by a prosegment and a signal peptide. By contrast, protocadherins lack the prosegment.
The genomic organization of classic cadherins, including E-cadherin (7, 8) , N-cadherin (9), P-cadherin (10) , and VEcadherin (11) , is well characterized. In most cases, the coding region of each ectodomain is interrupted by two introns, and the positions of the introns are conserved through vertebrate evolution. In contrast to classic cadherins, which have as many as 12 introns in the sequences encoding the ectodomains, the corresponding regions of the two types of protocadherin genes thus far analyzed contain no introns (12, 13) . For example, three clusters of human protocadherin genes (Pcdh␣, ␤, and ␥) have been identified on human chromosome 5. Each of the clusters contains 15 or more large (at least 2,400 nt in length), tandemly linked exons that encode all six ectodomain repeats and the transmembrane domain. The cytoplasmic domains of the Pcdh␣ and ␥ protocadherins are encoded by three small exons located downstream from the respective tandem array of exons encoding the extracellular domains. Each of the large exons in the Pcdh␣ and ␥ gene clusters is independently spliced to the first exon encoding the intracellular domain in each gene cluster (13) . Thus, the Pcdh␣ and ␥ gene clusters encode multiple protocadherins that differ in their extracellular domain sequences, but have identical sequences in their intracellular domains. Based on this organization, the large exons encoding the extracellular domains were designated variable region exons, whereas the three small exons encoding the intracellular domains were designated constant region exons (13) .
Other genes that can be classified as protocadherin genes have been shown to encode multiple ectodomains. For example, the mouse vascular endothelial cadherin-2 (VE-cad-2) protein contains six ectodomains (14) , whereas the fly Flamingo protein contains nine (15, 16) . Similarly, the fly Fat protein contains 34 extracellular cadherin ectodomains (17) . To determine whether the ectodomains in these and other protocadherins are interrupted by introns, we have analyzed their genomic organization by using DNA sequences in the GenBank database. A common feature of these protocadherin genes is that multiple ectodomains are encoded by a single, large exon.
Materials and Methods
Sequence Analyses. Iterative BLAST searches of the GenBank database were carried out by using the sequences of the Pcdh gene clusters. Numerous entries with significant E values were identified. A systematic analysis of these entries revealed four additional human Pcdh genes and provided information necessary to determine their exon͞intron organization. The genomic sequences were downloaded and compared with orthologous full-length cDNA and numerous human expressed sequence tag sequences by using the GCG package and BLAST 2 program. The splice sites were identified manually, based on the alignment of coding sequences at both the nucleotide and amino acid levels. The Pcdh12 gene sequence was derived from GenBank accession numbers AC005740, AC012625, and AC010264, whereas the hFmi1 gene sequence was derived from AC005923 and AC005903. The partial cDNA sequence of hFmi1 previously was reported as hMEGF2 (18) . The hFmi2 gene sequence was derived from AL021392, AL031597, and AL031588. While this manuscript was in preparation, hFmi2 was designated hCelsr1 by Abbreviations: VE-cad-2, vascular endothelial cadherin-2; CDH, cadherin; Pcdh, protocadherin; Fmi, flamingo; EC, ectodomain; EGF, epidermal growth factor.
Data deposition: The sequences reported in this paper have been deposited in the GenBank database [accession nos. AF231022 (hFat2), AF231023 (hFmi1), AF231024 (hFmi2), and AF231025 (Pcdh12)].
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Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073͞pnas.060027397. Article and publication date are at www.pnas.org͞cgi͞doi͞10.1073͞pnas.060027397 the Sanger Center. The hFat2 gene sequence was derived from GenBank accession numbers AC011337, AC011374, and AC008670. The chromosomal locations of Pcdh12 and hFat2 genes were derived from the web site www-hgc.lbl.gov͞biology͞ bacmap͞2.gif, and those of hFmi1 and hFmi2 genes were from the corresponding GenBank entries. The organization of human cadherin 16 (Ksp-cadherin) gene was determined by comparing the cDNA (AF016272) and genomic DNA (AC009084 and AC008716) sequences. The organization of fly fmi (starry night) gene was determined by comparing the cDNA (AB028498 and AF172329) and genomic DNA (AC015222 and AC009343) sequences. The organization of fly fat gene was determined by comparing the cDNA (M80537) and genomic DNA (AC004380 and AC004371) sequences. The organization of fly DN-cadherin gene was determined by comparing the cDNA (AB002397) and genomic DNA (AC018021, AC018194, AC018219, AC009202, and AC009457) sequences. The organization of fly DE-cadherin gene was determined by comparing the cDNA (D28749) and genomic DNA (AC005268) sequences. The corresponding positions of introns within the protocadherin proteins were determined manually based on the translation of the exon sequences.
Evolutionary Analyses. For the members of human Pcdh clusters, the variable region-coding sequences were translated. For other protocadherin proteins, the corresponding amino acids were used. For Pcdh12, hFat2, hFmi1, and hFmi2, the exon 1 sequences were translated. The polypeptides were aligned by using the PILEUP program of the GCG package with default parameters. An evolutionary tree was reconstructed by using PAUP (Phylogenetic Analysis Using Parsimony), version 4.0.0, with distance as an optimality criterion. The beginning and end positions of the alignment to be analyzed were determined according to the shortest sequence. Gaps in the alignment were ignored. The robustness of the tree partitions was evaluated by using the bootstrap method with a neighbor-joining search. The sequences are from the GenBank database: human Pcdh␣1 (AF152479); human Pcdh␤1 (AF152488); human Pcdh␥-a1 (AF152507); mouse CNR1 (D80916); mouse Pcdh 2c (U88550); rat Pcdh3 (L43592); rat Pcdh4 (AB004276); chicken Pcdh2 (A B004689); human Pcdh1 (L11370); human Pcdh7 (AB006755); human Pcdh8 (AF061573); and human Pcdh68 (AF029343).
Results and Discussion
The Intron͞Exon Organization of Classic Cadherin and Protocadherin Genes. Studies of the genomic organization of a number of classic cadherin genes revealed that the DNA sequences encoding individual ectodomains are interrupted by two introns (7) (8) (9) (10) (11) ). An example of this is provided by human Ksp-cadherin (CDH16) gene (Fig. 1A) . The Ksp-cadherin gene, which is expressed only in kidney cells, maps to chromosome 16q21-16q22 (19) , a region that contains at least seven other cadherin genes (CDH1, CDH3, CDH5, CDH8, CDH11, CDH13, and CDH15). The DNA sequences encoding each of the ectodomains of the Ksp-cadherin gene ( Fig. 1 A) and all of the other genes characterized thus far in this cluster are interrupted by two introns. This intron͞exon organization is typical of classic cadherin genes (7) (8) (9) (10) (11) . By contrast, the six ectodomains of every member of the human protocadherin ␣, ␤, and ␥ proteins are encoded in a single, unusually large exon (Fig. 1B) . To date, the genomic organization of only one other Pcdh gene (Pcdh8) has been determined (12) , and all of its six ectodomains are encoded by a single, large exon. We have identified several additional human protocadherin genes and analyzed their genomic organizations to determine whether single exons encoding multiple ectodomains are a common feature of Pcdh genes.
Genomic Organization of the Human Pcdh12 Gene. We have identified a human Pcdh gene (Fig. 2) , which maps to the 5q31 region, approximately 0.3 Mb telomeric to the Pcdh␣, ␤, and ␥ gene clusters. This human Pcdh gene, which we designate Pcdh12, encodes a protein of 1,184 aa, with 81% sequence identity with the mouse VE-cad-2 protein (14) (Fig. 2 A) . The high degree of sequence identity between Pcdh12 and VE-cad-2 strongly suggests that they are orthologs. The VE-cad-2 gene was cloned originally from heart microvascular endothelial cells and has been shown to localize at intercellular junctions of endothelial cells, suggesting that these proteins may play an important role in cell-cell interactions at interendothelial junctions (14) .
Like other protocadherins, the Pcdh12 protein has two regions of hydrophobic amino acids, a putative N-terminal signal peptide and a transmembrane domain (Fig. 2 A) . Between these hydrophobic sequences, there are six ectodomain repeats that have features of protocadherins (Fig. 2 A) . Specifically, they have the conserved motifs DXDXGXN, AXDXGXPXL, and VXVXVX-DXNDNAPXF (Fig. 3) . In addition, like all protocadherin genes characterized thus far, Pcdh12 does not have a prosegment between the signal peptide and ectodomains (Fig. 2) . The cytoplasmic domain of Pcdh12 bears no similarity to that of any other cadherins in the database. Thus, it is likely that Pcdh12 functions through a yet-to-be-identified signaling pathway. Based on all of these sequence characteristics, we conclude that Pcdh12 is a member of the Pcdh gene family.
As illustrated in Fig. 2B , the genomic organization of the Pcdh12 gene is similar to that of the human Pcdh␣, ␤, and ␥ gene clusters. In both cases, the extracellular and transmembrane domains are encoded by a single, large exon. However, in contrast to the human Pcdh␣ and ␥ gene clusters, where there are multiple variable region exons upstream from a single set of constant region exons, the Pcdh12 gene has only a single exon encoding all six ectodomains and the transmembrane domain. Similar to the organization of the constant region of human Pcdh␣ and ␥ gene clusters, the cytoplasmic domain of the Pcdh12 protein also is encoded by three small exons (Fig. 2B) . However, the exons are larger than the corresponding constant region exons of human Pcdh␣ and ␥ gene clusters and their sequences are divergent. Thus, they encode a distinct intracellular domain.
Genomic Organization of Two Human Flamingo Genes.
A search of the DNA sequence database revealed two novel human Pcdh genes (Fig. 4 ) that appear to be the homologs of the recently cloned Drosophila planar cell polarity gene fmi (starry night) (15, 16) . The Drosophila fmi gene plays a critical role in tissue polarity (15, 16, 20) . The Fmi protein localizes to the proximal and distal cell boundaries in wing epithelia and plays an essential role in regulating planar cell polarization during prehair morphogenesis (15) . The fmi gene also controls the planar polarity of sensory bristles (20) . In addition, the Fmi protein may play a role in axon outgrowth (15) and dendrite formation (21) in the nervous system.
There are at least three human Fmi homologs, and the organization of two of them is reported here. The third was identified as partial cDNA sequence (Kiaa0279), and its genomic organization is not known (22) . The hFlamingo1 (hFmi1) gene localizes on the 3p21 region of human chromosome 3, whereas the hFlamingo2 (hFmi2) gene localizes to the 22q13 region of human chromosome 22. There is a 56% amino acid sequence identity between hFmi1 and hFmi2 proteins, and the genomic organizations of the two genes are essentially identical (see below). Thus, the fmi genes constitute a subfamily of the cadherin superfamily, and the hFmi1 and hFmi2 genes are paralogs of the subfamily. The hFmi1 protein displays 92% sequence identity to the rat MEGF2 protein (18) , whereas hFmi2 protein displays 82% sequence identity to the mouse Celsr1 protein (23) . In contrast to all other members of the cadherin superfamily, the striking feature of these cadherins is the presence of seven transmembrane domains. A comparison of the transmembrane sequences of the human and fly Fmi protein is shown in Fig. 4A . The transmembrane region is homologous to a subfamily of G protein-coupled receptors.
Both of the human Fmi proteins have nine protocadherin ectodomain repeats (Fig. 4 B and C) . However, they do not have the characteristic leucine residue within the middle region of the ectodomain repeats, which is conserved among members of the protocadherin clusters. Instead, they have an isoleucine residue that is conserved in the ectodomains of mouse N-cadherin protein (Fig. 3) . In addition, both human Fmi proteins lack a prosegment between the signal peptide and ectodomains. However, they have eight epidermal growth factor (EGF)-like motifs and two laminin A-G domains (Fig. 4 B and C) . The laminin A-G domain is present in other cadherin-like proteins, such as fly Fat (17), and DN-cadherin (25) , and sea urchin G-cadherin (26) . This domain is also present in other neural proteins, such as laminin A, agrin, merosin, slit, crumbs, and neurexin.
We have determined the genomic organization of both human Fmi genes. The intron͞exon structures are highly conserved (Fig.  4 B and C) but are different from the genomic organization of the fly fmi gene, which was reported recently (16) and is shown in Fig. 4D for comparison. Both hFmi1 and hFmi2 have 34 introns. All splice sites conform to the GT-AG rule, and almost all introns appear in the homologous positions in the two proteins. In addition, the corresponding exons have the same size or differ only by several codons (data not shown). However, the intron sizes are very different. Almost all introns of hFmi2 are larger than the corresponding introns of hFmi1 (data not shown). The first two introns of hFmi2 gene are especially large, 70,281 and 24,295 nt in length, respectively.
The first exons of both hFmi1 and hFmi2 are very large, at least 4,029 and 3,544 nt in length, respectively. Moreover, the large exons encode the signal peptide and all nine ectodomain repeats in both hFmi1 and hFmi2 proteins (Fig. 4 B and C) . Thus, the intron͞exon organization of both genes is similar to that of Pcdh genes, where the first exon encodes the signal peptide and all six ectodomain repeats.
Genomic Organization of Human and Fly fat Genes.
The fly fat gene encodes a tumor suppressor that controls cell proliferation in imaginal discs (17) . The Fat protein is a large, cadherin-like protein containing 34 cadherin ectodomains (17) . The sequence features of the ectodomain repeats are more similar to those of protocadherins than to those of classic cadherins (6, 17) . The cytoplasmic domain of all Fat proteins contains sequences homologous to the ␤-catenin-binding region of the classic cadherins.
The genomic organization of fly fat gene is shown in Fig. 5A . Interestingly, the genomic DNA sequences encoding these ectodomains display variable intron͞exon organization. The first exon encodes ectodomains 1-15 (at least 5,616 nt in length , Fig.  5A) ; the next five ectodomains are interrupted by a single intron, as is ectodomain 27. However, ectodomains 21-26 and 28-34 are encoded by large exons. Although some of the ectodomain sequences are interrupted by introns, neither the number nor the position of these introns corresponds to that of the introns highly conserved among the classic cadherins.
A human Fat homolog was cloned previously and localized to chromosome 4q34-q35 (27) . However, its genomic organization is not known. Here, we identified a novel human Fat homolog, designated hFat2 (Fig. 5B) , which is located on chromosome 5q33 region, approximately 6-7 Mb telomeric to the Pcdh␣, ␤, and ␥ gene clusters. The hFat2 gene encodes a protein of 4,349 aa and contains a signal peptide, 34 cadherin ectodomains, a laminin A-G domain, two EGF-like motifs, a transmembrane domain, and a cytoplasmic domain (Fig. 5B) . All of the ectodomain sequences are protocadherin-like. A comparison of the sequences of the laminin A-G domains in different Fat homologs is shown in Fig. 5C . The laminin A-G domain consists of 14 regularly spaced ␤-sheets, which are found in all Fat homologs, the brain-specific, cell-surface protein neurexin (28) , and the extracellular protein laminin (29) .
The genomic DNA encoding hFat2 protein spans a region of about 60 kb and contains 22 introns (Fig. 5B) . All introns are conventional GT-AG introns except intron 4, which is a rare GC-AG intron (30) . As with the other protocadherin-like genes, multiple ectodomains (EC1-9 and EC16-27) are encoded in a single, large exon. However, the DNA sequences encoding the other ectodomains (EC10-15 and EC28-33) are interrupted by introns. Thus, similar to the fly Fat gene, the human gene has a mixed intron͞exon organization.
Genomic Organization of Drosophila DN-Cadherin and DE-Cadherin
Genes. The fly DN-cadherin gene is required for axon patterning in the central nervous system (25) . This gene encodes a cadherin protein containing 15 ectodomain repeats, two cysteine-rich segments (C-rich), two laminin A-G domains, a transmembrane domain, and a cytoplasmic domain. Analysis of the genomic DNA encoding this protein reveals a mixed intron͞exon organization. The coding region of some ectodomains is interrupted by one or two introns whereas other multiple ectodomains are encoded by a single exon (Fig. 6A) .
The fly DE-cadherin originally was classified as a homolog of vertebrate classic cadherins because its cytoplasmic domain interacts with catenins (24) . However, the amino acid sequences of its ectodomains are protocadherin-like (6) , and the coding region of the DE-cadherin gene is interrupted by only a single intron (Fig. 6B) . The exon 1 of DE-cadherin encodes the signal peptide and the N-terminal cadherin ectodomain (EC0) repeat, whereas exon 2 encodes the remaining five cadherin ectodomain (EC1-5) repeats, the transmembrane domain, and the cytoplasmic domain (Fig. 6B) . The first cadherin ectodomain repeat probably is removed by proteolysis during its maturation (24) . Thus, the mature form of the DE-cadherin protein is encoded by a single, large exon.
Phylogenetic Analysis of Protocadherin
Genes. An evolutionary tree of the amino acid sequences encoded by the large exon 1 of the human Pcdh genes described above and those encoded by single variable region exons in the Pcdh␣, ␤, and ␥ gene clusters is presented in Fig. 7 . The tree shows that the protocadherins encoded by the Pcdh␣, ␤, and ␥ gene clusters constitute a large subfamily of cadherin-like proteins. All of the other protocadherins are in a separate group. Consistent with their genomic organization, the two human Fmi paralogs are in one small branch and are closely related to the hFat2 protein. The large protocadherin proteins are evolutionarily closer to sevenectodomain-containing protocadherins (Pcdh1 and Pcdh7) than to six-ectodomain-containing protocadherins (Pcdh8, Pcdh12, Pcdh68, and members of the Pcdh clusters). These results strongly suggest that the large protocadherin genes evolved from a primordial protocadherin-type gene. Thus, it seems very likely that a basic evolutionary unit of these protocadherin genes is a large exon encoding multiple cadherin ectodomains.
Evolution of Cadherin-Like Genes. Phylogenetic analyses suggest that there are four paralogous subfamilies, E-, N-, P-, and R-cadherins, of vertebrate classic cadherin proteins (31) and that (28) and LG5 domain of laminin ␣2 chain (29) . Secondary structure elements of the 14 ␤-sheets are indicated below the alignment. Conserved core residues are shaded. rMEGF1, rat multiple EGF-like motifs containing protein; rLAMA2, rat laminin ␣2 chain; N1␤, neurexin 1␤. these genes duplicated early in evolution (32) . The conservation of intron positions among classic cadherins suggests that there was a constraint on unequal crossing-over among these genes (9) . Through systematic analyses of protocadherin genomic organization, we found that a single exon encoding multiple cadherin ectodomains is a characteristic feature of protocadherin genomic organization. In addition, some protocadherins have unusually large exons encoding more than nine ectodomains. These large exons could have been generated by unequal crossing-over between the six-ectodomain-encoding protocadherin-type exons lacking an intron.
Most human genes have multiple small exons and large introns. For example, the average size of vertebrate exons is approximately 134 nt (33) and the average size of human first exons is about 284 nt (34) . The small exon size is thought to be a consequence of ''exon definition,'' the mechanism by which splice sites are recognized by cross-exon interactions between splicing components bound to the splice sites flanking each exon. A surprising characteristic of the organization of the protocadherin genes is that multiple cadherin ectodomain repeats are encoded by a single, large exon. However, it is interesting to note that in most cases the large exon is the 5Ј-most exon in the pre-mRNA. Previous studies have shown that the cap-binding complex can promote the recognition of the first 5Ј splice site in pre-mRNA (35) . Thus, the cap-binding complex may play a more prominent role in the processing of the large 5Ј-most exons of the protocadherin pre-mRNAs.
The tandem organization of the Pcdh␣, ␤, and ␥ gene clusters on the human chromosome 5q31 region suggests that the Pcdh clusters evolved from duplications of a large exon of a primordial protocadherin that encodes the extracellular and transmembrane domains (13) . For example, it is possible that the first round of duplication generated the Pcdh␥-c genes and the ancestor of the Pcdh␥-a͞b genes. The resulting genes then were duplicated to form the ancestors of Pcdh␥ and Pcdh␣ gene clusters. The present organization of human Pcdh clusters appears to be a consequence of extensive duplication of the variable regions of each cluster. The protocadherins encoded by these gene clusters are thought to play an important role in the establishment and maintenance of specific neural cell-cell connections in the vertebrate brain (3, 13) . The difference in the genomic organizations of classic cadherin and protocadherin genes suggests that the two types of cadherin-like genes diverged from each other very early in evolution and then evolved as separate subfamilies. 
